INTRODUCTION

1
Since the pioneering work of Müller (1889), who described two basic humus forms, mull and torf, 3
beneath Danish beech forests, on the basis of microscopic observations, there have been many attempts 4 to classify humus profiles in forest soils. Different horizons or sub-horizons are generally recognized 5 within the O Horizon (Brady, 1984) or Ao (Duchaufour, 1997) horizon. Although discrepancies concerning 6 the terminology of these strata exist, three main strata are recognized, Oi (entire leaves), Oe (fragmented 7 leaves), and Oa (holorganic faecal pellets). Differences in the development of these horizons, together 8 with structure and chemical properties of the underlying A horizon, allow recognition of three main humus 9
forms, now called mull, moder, and mor (Klinka et al., 1981; Delecour, 1983 ; Green et al., 1993; Brêthes 10 et al., 1995; Jabiol et al., 1994, 1995) . The mor humus form, together with dysmoder (moder with a thick 11 H stratum), has been also called raw humus (Kubiëna, 1953; Delecour, 1980) . The recognition of 12 biological processes taking place in the development of humus profiles (Hartmann, 1965 ; Zachariae, 13 1965; Bal, 1982) suggested that some features, such as compaction of the soil matrix, deposition of 14 faecal pellets, skeletonization of leaves or tunnelling of needles, are the direct result of soil faunal activity. 15
Thus, as for most biological processes, the transition from one horizon to another should be considered 16 discontinuous, due to tolerance limits and food and habitat preferences of soil organisms. 17
Composition of the humus profile 22 23
We analyzed first the total 172 horizons and 185 categories. Only axes 1 and 3 were considered 24
for the global description of humus horizons. Axis 2 was neglected, because it isolated only one horizon 25 (Oe1 in the second profile studied in site 16), which was characterized by the development of the root 26 system of hair-grass (Deschampsia flexuosa) at the inside of decaying plant fragments. This development 27 was not apparent in other humus profiles, due to scarcity of ground vegetation, and we preferred to 1 discard the corresponding axis rather than to discard this horizon from the analysis. 2 3
The projection of horizons in the plane of axes 1 and 3 ( Fig. 1 ) indicated that they could be 4 classified into three groups, corresponding to Oi, Oe, and Oa+A horizons, respectively. All horizons 5 sampled did not fall exactly in each of the three branches depicted by the plane of axes 1 and 3. This 6
does not indicate that Oi, Oe, and Oa+A horizons were poorly differentiated on the basis of their 7 composition. Rather, this phenomenon indicates that a few horizons had been badly classified in the field; 8 correspondence analysis revealed that they had more points in common with another group than with 9 their own group. Differences between Oa and A horizons were negligible when compared with differences 10 between Oi and Oe horizons. Oa and A horizons did not exhibit distinct branches. In addition, differences 11 within each of the Oi, Oe or Oa horizons were negligible compared to differences between these 12 horizons. 13
14
The projection of categories in the plane of axes 1 and 3 (Appendix 1) allowed us to characterize 15 each horizon or group of horizons by its composition ( Table 2 ). The Oi horizon was characterized by 16 entire leaves of beech at varying stages of fungal conditioning and small recently fallen tree categories 17 such as bud scales, male flowers, and twigs. Smears of faecal material, holorganic or organo-mineral, 18
were observed at the surface of some beech leaves. A laminated mixing of leaf fragments and faeces of 19 litter-consuming enchytraeids, which we called "sandwich material", together with plant categories such 20 as male flowers of beech, grass stems, twigs, at some stage of decomposition, was characteristic of the 21
Oe horizon. The presence of beech petioles and nerves, mycelial strands and living bases of wood-rush 22 (Luzula forsteri) was also noticeable. Both Oa and A horizons were characterized by dead or senescent 23 fine roots, living and dead woody roots, old (compacted) holorganic enchytraeid faeces, and fragments of 24 parent rock (both intact or weathered). Charcoal was also present in this group of horizons. Sclerotia of 25 the mycorrhizal ascomycete Cenococcum geophilum also occurred. 26
Living fine roots of beech and faeces of litter-consuming enchytraeids were placed in an 1 intermediate position between the Oe horizon and the Oa+A horizons. This indicated that they were 2 present in all of these horizons and, thus, they did not help in differentiating among horizons. Maple (Acer 3 pseudoplatanus) and ash (Fraxinus excelsior) plant materials were different. These categories only 4 occurred at one site (100) which was characterized by an intense earthworm activity, with abundant cast 5 deposition within the Oi horizon (Fig. 1) . The projection of corresponding samples was influenced by the 6 presence of organo-mineral material (typical of the A horizon of mull humus) together with categories 7 typical of the Oi horizon, which influenced in turn the position of the abovementioned ash and maple 8
categories. 9
Oa and A horizons, which were considered as diagnostic horizons for the separation of mull 11 versus moder humus forms (Delecour, 1983 ; Brêthes et al., 1995), were not clearly separable on the 12 basis of composition as revealed by the use of a dissecting microscope. In order to reveal possible 13 variation in the composition of these horizons, we analyzed separately Oa and A horizons (partial 14 analysis). The projection of horizons in the plane of axes 1 and 2 (Fig. 2 ) separated Oa and A (classified 15 by field observation), but with a high degree of overlapping. This indicated that the distinction between Oa 16 and A horizons that had been made in the field (Oa = holorganic, A = organo-mineral) did not reflect true 17 composition. The projection of some passive variables such as humus form, altitude and 18 phytosociological type (Fig. 3) helped to establish a link between Axis 2 of partial analysis and ecological 19 conditions prevailing in the studied sites. Mull humus forms were on the negative side of Axis 2; moder 20 humus forms were placed on the positive side of Axis 2. 21
The composition of Oa and A horizons, as indicated by the projection of categories in the plane of 23 axes 1 and 2 of partial analysis (Appendix 2), depended on the humus form. The Oa horizon of moder 24 humus forms (eumoder, hemimoder and dysmoder) was mostly characterized by compacted holorganic 25 faeces of enchytraeids, different plant organs hard to decay, bundles of skeletonized beech leaf 26 fragments, living woody roots of beech, and dead black mycorrhizae of beech produced by Cenococcum 27 geophilum. The upper part of the A horizon of mull humus forms (oligomull, amphimull, dysmull) was 1 mostly characterized by organo-mineral earthworm faeces, milliped faeces, intact stones, beech leaves 2 skeletonized by macrofauna or mesofauna and categories belonging to ground vegetation such as the 3 root system of grass species or bleached leaves of wood-sorrel (Oxalis acetosella). The Oa horizon of 4 amphimull shared many features with the A horizon of the mull group (indicated by its position on the 5 negative side of Axis 2). The A horizon of the moder group was placed in an intermediary position (not far 6 from the origin, on both sides of Axis 2), thus without characteristic features distinguishing both the 7 horizon and the humus form. 8 9
Distribution of soil animals 10 11
Animal groups found during the dissection of humus horizons (Table 3) were projected as passive 12 variables in the plane of axes 1 and 3 of total analysis (Fig. 4) . Comparison with the position of horizons 13 (Fig. 1) revealed that the Oi horizon was very poor in fauna at the time of sampling (June), no animal 14 group being placed far from the origin in the direction of the Oi Ihorizon (see also Table 3 ). The Oe 15 horizon was characterized by mites other than Platynothrus peltifer (MIT, ORI, PHT) and springtails 16 (SPR), the latter being present at a greater depth than the former as ascertained by the respective 17 position of corresponding points along Axis 1. The only group that characterized the Oa+A horizons was 18 enchytraeids (ENC). Enchytraeids mainly characterized the Oa horizon, as it appeared from the 19 comparison of Oa and A horizons (Fig. 5, Table 3 ). Most fauna (here mostly mesofauna) were 20 concentrated in the Oe and Oa horizons, the most abundant group being enchytraeids, followed at a far 21 lower level of abundance by mites and springtails, with an increasing preference for deeper horizons at 22 the time of sampling in the order mites < springtails < enchytraeids. 23
DISCUSSION AND CONCLUSION
The existence of a transitional horizon between typical Oa and A horizons, due to a progressive 1 enrichment in mineral particles of the Oa horizon, has been suggested by Delecour (1980 Delecour ( , 1983 . He 2 even considered it as a characteristic feature of the humus forms belonging to the moder group, rather 3 than the accumulation of holorganic faeces in Oe and Oa horizons which is commonly used to define 4 moder humus (Klinka et al., 1981; Green et al., 1993 , Duchaufour, 1997 ). This feature is also used in the 5 classification of forest humus forms by Brêthes et al. (1995) where the A horizon of moder humus forms is 6 considered to be made of holorganic faeces juxtaposed to mineral particles, without true incorporation of 7 organic matter to mineral matter. This composition can be achieved by the vertical movements of small 8 animals carrying mineral particles onto their tegument and depositing them, together with faeces, in the 9 course of their wandering between food sources (Oe horizon) and refuges (Oa and A horizons). In moder 10 humus forms, where no other agent mixes organic matter with mineral matter, this behaviour is typical of 11 animals with a sticky tegument such as enchytraeid worms (Ponge, 1991), whose daily vertical 12 movements of several centimeters are well-known (Springett et al., 1970) . In this case the gradual 13 passage from the Oa to the A horizon can be interpreted as an active (biological) diffusion process, the 14 source of organic matter being decaying litter, which is actively consumed by these animals and humified 15 (Ponge, 1991), and the source of mineral matter being underlying mineral horizons. As has been 16 observed in other studies (Zachariae, 1965; Ponge, 1991) enchytraeids also consume faeces of other 17 animals such as oribatid mites. As they live deeper (on average) than other litter-dwelling animals ( Table  18 3) they progressively incorporate faeces of litter-consuming animals into their own faecal material. This 19 may explain why the Oa horizon of moder humus forms appears mainly made of compacted enchytraeid 20 faeces and unconsumed material rather than remains of the activity of all litter-feeding animals. They also 21 ingest silt particles (unpublished data), and carry them onto their tegument (Ponge, 1988) . This pattern 22 may lead to the observed soft transition from Oa to A horizons. 23
24
The presence of clear discontinuities between Oi and Oe horizons and between Oe and Oa+A 25 horizon, and the absence of clearcut subdivisions within them, may be explained by threshold levels in 26 the vertical distribution of soil animals and other organisms. We cannot speculate from our data about the 27 depth levels at which animals consume litter and defecate at any time of the year, and about all the 1 factors which govern these patterns. Nevertheless, it can be inferred from existing literature that the 2 vertical distribution of soil fauna is determined, among others, by i) genetically fixed behavioural features 3 1983; David, 1986). For instance, if we take into account only leaf litter as a food, the depth level at which 6 animals will consume it can be interpreted as a compromise between the need for food of a high 7 nutritional value such as freshly fallen litter (Soma and Saitô, 1983), the toxicity or repellence of some 8 compounds present in undecayed litter (Satchell and Lowe, 1967), and the search for better micro-climate 9 conditions (Joosse, 1971). If we examine diagnostic features of Oi and Oe horizons as ascertained in our 10 analysis ( Table 2 ) it appears that the passage from Oi to Oe horizon is characterized by the deposition of 11 faeces of small litter-consuming animals, such as oribatid mites and enchytraeids, these categories being 12 near absent in the Oi horizon. 13
14
The passage from the Oe to the Oa+A horizon is marked by the appearance of the root system of 15 beech (Table 2 ). This creates a new discontinuity along the humus profile. According to the humus form, 16 the feeder root system of beech will develop throughout accumulated organo-mineral earthworm faeces 17 classification, but as a discernable entity, with clear emergent properties, can be understood if we take 7 into account the accumulation through time of key categories with a high longevity. This is the case for 8 dead leaves, enchytraeid faeces, earthworm faeces, or fine roots of trees. If a category present in a given 9 horizon has a low longevity, i.e. if it is rapidly transformed into another category or if it disappears from 10 the soil matrix through mineralization or leaching, then it cannot directly participate in the building of this 11
horizon. Rather, it may, i) participate in the building of underlying horizons (for instance colloidal organic 12 compounds precipitating in B horizons), ii) be taken-up by organisms, iii) diffuse in the atmosphere or in 13 the water flow. This is the case, among others, of oribatid faeces which rapidly disappears from the 14 moder profile when consumed by enchytraeids (Ponge, 1991) . This is also the case for enchytraeid 15 faeces when ingested in turn by earthworms living in mull humus (Bal, 1982) . The passage from one 16 horizon to another should thus be considered as a check in a continuous process (the slow maturation of 17 individual categories in the absence of disturbances), and a start for another continuous process of 18 maturation. The fact that at a given depth level the bulk of categories of a given type are transformed into 19 categories of another type (due to the activity of vertically distributed organisms) will create discontinuities 20 visible to the naked eye and thus will help us to distinguish horizons and humus forms on the field. In the 21 absence of these discontinuities (as between Oa and A horizons of moder humus forms) this distinction 22 may be more difficult and field observation may lead to false conclusions, as has been always suggested 23 Table 3 . 16 
